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ABSTRACT

It has become a common practice for the industry to use vector control technique in
induction motor control.In this method stator current space vector is decoupled into
two components in synchronously rotating reference frame where one component pro-
vides control over flux and the other controls the torque in an independentent way like
a DC machine.That is why, With the help of this control technique the induction mo-
tor can fill the role of a separately excited dc motor.Existence of commutator, brushes,
brush holders in dc motor makes dc motor drive less reliable as it calls for time to
time maintenance.Henceforth the main effort is to replace DC motor by an induction
motor and merge the advantages of both the motor together into the variable speed
brushless motor drive and eliminate the associated problems. The squirrel cage induc-
tion motor being simple, rugged, and cheap, and requiring less maintenance , has been
widely used for fixed speed applications.So implementation of vector control technique
ia an attractive solution for creating two independent channel so as to control flux and
torque independently which in turn makes the induction motor from a non-linear to
linear plant.However, the essential requirement for the proper operation of the vector
controller is precise knowledge of rotor flux position which demands a speed sensors (e.g
shaft mounted tacho-generators, resolvers,search coils or digital shaft position encoder).
These cause the system to be less reliable and loses benifits of an induction motor drive
as well. Sensorless vector control came as a solution of the aforesaid problem in which
the speed is estimated using some of the estimation methods rather than using speed
sensors. In this dissertation work a scheme of open loop speed estimator using stator
voltage and current and MODEL REFERENCE ADAPTIVE SYSTEM(MRAS) based
speed estimators are proposed and simulated in Simulink/Matlab environment and per-

formance of these schemes are evaluated on various operating conditions.
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Chapter 1

INTRODUCTION

Faraday discovered electromagnetic induction in 1831.After this discovery, it took about
fifty years when Nicholas Tesla invented induction machine in 1888.This newly invented
brushless AC machine was the reason for the revolution in electrical engineering, gave a
scope for its wide spread use in polyphase generation and distribution system.The grid
frequency (50 Hz in Asia and Europe, 60 Hz in USA) was determined in 19*” century

as Tesla found this frequency suitable for his induction machine design.

Nowadays major portion of the energy is generated,being used by cage induction motor
and that is why induction motor is called work horse of the industry.The squirrel cage
induction motor is preferred due its simple construction, ruggedness,reliability,higher ef-
ficiency,low cost less financial support to keep it in service.It has been the most sought-
after motor for fixed speed applications.Unlike induction machine DC machines have
been used for variable speed drive because of its ineherent simplicity in its control of
speed.Number of attempts have been made to substitute 3 — ¢ squirrel cage induction
motors in variable speed drive applications, wherein the genuine choice has been for dc
motors.But DC motor has some serious issues with commutators and brushes as these
call for frequent maintenance.Therefore, the main basis of the efforts is to replace dc
machine by an induction machine so as to integrate the advantages of both the motors

together into a variable speed brushless motor drive and remove the associated problems.

Even though induction motor is a better choice over DC motor with respect to cost, re-
liability, weight, size,but its non-linear nature demands complex control strategy for its

1



Chapter 1. Introduction 2

speed control.Rapid development of power electronics devices such as IGBT,MOSFET
made it possible to implement complex control strategy for the control purpose of in-

duction machine.

In variable speed drive the genuine choice of seperately excited DC motor is because
of its ease of speed control as the field and armature currents are electrically decoupled
from each other. Now in present scenario, when all the latest tools of power electron-
ics technology are available, there is need for simplicity and economic feasibility of the
control technique. Therefore, it is to develop a proper and adequate control technique
for controlling the relevant induction motor variables namely, frequency and slip which

would enable the motor to operate as variable speed drive.

Scaler control is used for speed control of induction motor where magnitude of volt-
age is bassically used as control variable below base speed keeping air-gap flux constant
to achieve maximum torque for a fixed level of flux.Constant flux is achieved through
maintaining the ratio of voltage to frequency constant with a boost at lower frequencies
for resistive effects.Scaler control is possible in open loop or close loop manner.In case
of close loop accuracy is more as compared to open loop control.At steady state, torque
becomes linear with slip below the peak torque limit.And this draws the simplicity in
control.Even though scaler control is very simple to implement but it suffers from poor
dynamic respnse.And that is why in many control application DC motor wins over in-
duction motor.Vector control technique came as a solution of poor dynamic response for
induction motor control where control of flux and torque becomes completely indepen-
dent to each other.As a result induction motor operating in vector control mode start
behaving just like a separately exited DC motor for varible speed drive.Thus vector con-
trol makes it possible to merge all the advantages of induction machine and DC machine

in a variable speed drive.

1.1 VECTOR CONTROL OF INDUCTION MOTOR

Unlike scaler control, vectrol control is a control technique which decouples the stator
current space vector in synchronously rotating reference frame(SRRF) where one com-
ponent is used for controling flux and other for controlling torque .This decoupled form
of flux and torque control makes induction motor(IM) a nonlinear to linear plant help-

ing it to run as seperately excited DC motor.In SRRF, decoupled components of stator
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current space vector matches with the two current components as commanded by the
vector controller.An induction motor operating under vector control mode is shown in
figure 1.1.To perform vector control, speed is sensed and fed back to the controller.The
controller gives two decoupled reference components of stator current in SRRF namely
*

iys and iy, for the torque and flux control respectively.Then inverse park and clarke

-k

transform generates three reference values of currents(iy,,i;,,i%,) in stationary reference
frame (SRF).As IM is a three phase balanced load, sensing of two phase current is suf-
ficient for its vector control.The curent controller ensures three phase currents to follow
referene currents closely in SRF and drives the voltage source inverter(VSI) to come in
operation so as to feed the 3 — ¢ induction motor.This way motor currents are forced to
follow the reference currents which gives higher dynamic performance of induction mo-
tor(IM) operating in vector control mode.Such drives are becoming popular in the fields

of many drive application such as air conditioning refrigerators, fan, blowers, pumps,

waste water treatment plants, elevators, lifts, traction, electrical vehicles etc.

Ve
fas* ’7
T+ ids* _ -
: * Rotating to | {pe* i
[0 Processemg of e - Vector lgs* »| Stationary P ™ VSI
Signal 5 _| Controller | wy | Frame = =
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(0] .
' 1bs |
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%
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FiGure 1.1: Simplified Schematic for Vector Controlled Induction Motor

1.1.1 Classification of Vector Control Technique

For realization of vector control technique, SRRF can be set along the rotor flux, sta-
tor flux or magnetizing flux space vector respectively.Depending upon the alingment of
SRRF, vector control is known as rotor ,stator of magnetizing flux oriented control.lt
has been observed that when SRRF is alinged with rotor flux space vector, control
becomes simpler and shows better dynamic performance as compared to other aling-
ments of SRRF.Based on how field angle is achieved, vector control technique can be
classified into two categories a)Direct vector control b)Indirect vector control.In Direct
vector control position of flux vector is obtained by direct measurement of flux or esti-

mation.Flux can be measured by using sensors(e.g hall effect sensors, search coils,tapped
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stator windings of the machine etc).On the other hand estimation of flux is possible by
using a flux model which consists of motor paramets and electrical inputs.The major
pitfall of this method is the need of several sensors which makes it infamous for using in
motors.For flux measurement, sensors are needed to fix up in stator structure which calls
for extra manufacturing cost and reduces robustness of the machine.It also suffers from
the problem of drift because of temperature and inability of flux sensing at low speed
also persists.In indirect vector control position of rotor flux vector is determined from
speed signal feedback rather than sensing it directly using sensors and thats why this
method is known as indirect vector control.This way, indirect vector control solves the
problem of flux sensors as the controller is freed from rotor flux sensing now.Below base
speed rotor flux is maintained constant by controlling the in phase component in SRRF
while quadrature component of stator current space vector is used for the production of
torque.Henceforth, such control technique replaces a seperately exited DC motor with

the use of 3 — ¢ squirrel cage induction motor in variable speed ac drive.

1.2 SPEED SENSORLESS AC DRIVE

In past few decades collective endevour of researchers made it possible to introduce sen-
sorless torque controlled (vector or direct torque control) drive.The terminolgy not only
refers to the speed sensor it includes other sensors such as current sensor, voltage sensor
as well which is necessary for close loop operation of the drive.Because of reduced hard-
ware complexity, and cost, increased robustness, sensorless drive has become a normal
practice in almoslt all large manufactures(Control Technique plc,Simens,Hitachi, Yaskawa
Eurotherm etc.).Elimination of speed sensor is also desirable from the point of view of
noise immunity.In real time computation the objective is towards in computation of

speed from minimum sensed signals.

1.3 MAIN OBJECTIVE OF SENSORLESS DRIVE

The main objective of Sensorless drive control are:

e Reduction of hardware complexity and cost.
e Increased mechanical robustness and overall ruggedness.

e Operation in hostile environments.
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e Higher reliability.
e Decreased maintenance requirements.

e Increased noise immunity.

1.4 SENSORLESS SPEED ESTIMATORS

e Open Loop Speed Estimator
e Model Reference Adaptive Sytem(MRAS) based Speed Estimator

1. Rotor flux based MRAS.
2. Back EMF based MRAS.

3. Air-gap reactive power based MRAS.
e Observer based speed estimator(Kalman,Luenberger).

e Estimator using artificial intelligence (Newral network, Fuzzy-logic-based systems,

Fuzzy-newral networks etc.)

e Estimator using saliency(geometrical, saturation) effects.

1.4.1 Open Loop Speed Estimator

In this technique rotor speed is obained directly from voltage model of induction ma-
chine.The scheme uses monitored stator voltage and currents for estimating speed.But
the speed estimation with this voltage model greatly depends on machine parameter
used, which reduces the accuracy of speed estimation.Accuracy of stator resistance(Ry),
determines the accuracy of estimated speed as stator rasistance has great effct of stator

as well as rotor flux estimation.

1.4.2 Model Reference Adaptive System(MRAS)

Accuracy of open loop speed estimator significantly depends on machine parameters
used.Accuracy can be increased if speed is estimated in close loop manner.In MRAS
method a reference model is constructed which estimates some variable x4, x4(e.g rotor

flux linkage component 14, and v, or back emf components, €,,4,emq Or reactive power
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etc.).Same state veriables are estmated from another model called adaptive model which
then compared to creat an error vector to feed an adjustable method.The adjustable
method gives the estimated speed which drives adaptive model to minimise the error
vector created by this two model.Most important part of MRAS is to design of adaptation
mechanism.For designing adaptive mechanism of a MRAS, system has to follow Popov’s

criteria of hyperstability which gives stability and quick response of the system.

Vs -
— e =
i Reference Model =
5 ] 'J‘D
el 15
E
B
=
Y
. Adaptive
Adaptive Model Mechanism

FIGURE 1.2: MRAS Based Speed Estimation Scheme

1.5 ORGANISATION OF THE REPORT

chapterl includes state-of art and potential application of vector controlled induction
motor drive.lt also covers vector control techniques applied to squirrel cage induction
motor and tells about the requirement, objectives, and methods of vector control.
Chapter2 deals with an exhaustive literature review on the vector controlled induction
motor drive.It includes state of art method of estimation of speed by sensing the winding
currents and DC link voltage.

Chapter3 explains briefly the modelling and MATLAB implementation of the vector
controlled induction motor drive(VCIMD).

Chapter4 discusses about the design and modelling of the speed estimation schemes of
motor, used along with its basic operation.

Chapter5 displays the results obtained in simulation of the 2Ap and 30hp motor under

different operating conditions in Matlab/Simulink environment.

Finally, it is followed by Conclusions and Bibliography which can be used for further
reading. Appendixes are also added after Bibliography where appendix-I provides various
machine paraeters used for simulation in Matlab/Simulink and appendix-II shows a list

of PI controller values used in different speed estimation schemes.



Chapter 2

LITERATURE REVIEW

2.1 INTRODUCTION

The preceding chapter deals with a general overview of the vector control techniques,
various potential applications and the state of the art as applied to three-phase squirrel
cage induction motor. The present chapter covers a literature review relating to various
developments in vector control techniques. It includes a review of closed loop speed
controlled induction motor drives and various methods to eliminate speed sensor from

the drive system to reduce the system cost.

2.2 SIGNIFICANT DEVELOPMENTS

From the available literature it is revealed that the method of vector control has be-
come a major tool for squirrel cage induction motor to provide its dynamic performance
equivalent to compensated seperately excited dc motor. The popularity of vector control
has been established on the advantages of vector control over scaler control techniques

[1-6).

The squirrel cage induction motor has many advantages over dc motor in comparison
with size,inertia, efficiency, reliability, cost,power to weight ratio and robust rotor etc.

The main advantage with separately excited dc motor is the ease of control and better
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dynamic performance. The popularity of vector control has been established on the

advantages of vector control over scaler control techniques [7-9).

A number of software packages for simulation have been proposed in recent years. For
electronic circuits like SPICE and SABER, power networks like the EMTP and EU-
ROSTAG or specialized simulation of power electronics such as SIMPLORO, POST-
MAC, SIMSEN, ANSIM and PSCAD. Dedicated simulation softwares like MATLAB
with Simulink and power-system block set (PSB) toolboxes have made the modelling
and simulation of such system efficient and simple [10]. Elimination of sensor has pro-

vided the reduction of overall cost of the drive [11-18].

2.3 LITERATURE REVIEW

In the last three decades, the vector control (VC) technique also known as field-oriented
Control (FOC) technique employed to control three phase squirrel cage induction motors
[1, 6, 19-21] has been dealt with in great detail in the literature. Before the advent
of vector control technique for induction motors, various other control methods e.g
voltage control, frequency control, rotor resistance control, v/f control [2, 6], flux control
[6, 19] was existed.Such control techniques result in satisfactory response only in steady
state conditions. Blashke [10] has reported the pioneer concept to initiate the work
based on the concept of vector control. Vector control is control technique which is
used to decouple control between flux and torque in an induction motor similar to
a separately excited DC motor. Y.S Lai et al [22] has discussed the development of
sensorless vector controllers based on stator flux oriented control (SFOC) and rotor flux
oriented control.Because of several advantages sensorless speed drive keeps on maturing
through yours as revealed in [10, 21, 23—-25].The problem of sensorless speed drive and
an approach of solving problems is well documented in [26].Xu and Novotony [27] have
reported the estimation of synchronous speed from stator flux. The rotor speed is
estimated from the difference between synchronous speed and estimated slip speed.
Chin [14] has proposed various issues involved in making an estimation of rotor speed.

Shine et al [17] have discussed on the aspect of achieving accuracy in flux calculation.

The speed estimation involves scheme based on Model Reference Adaptive System
(MRAS) has employed the comparison of out of the two estimators- one being the
reference model and other being adjustable model [23, 28-30].Colin Schauder [15] has
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described the model reference adaptive system for estimation of rotor speed using ter-
minal voltages and currents with rotor flux as a functional candidate .Recently various
modification of MRAS been done all are summarized in [31]. Back emf based MRAS is
presented in [32] where Peng and Fukao have also shown estimation of speed using air-
gap reactive power as a functional candidate.A comparative study in [33] is been done
beteen Rotor Flux(RF) based and Back-Emf based MRAS whereas [34] has shown a
simulation work on the basis of dynamic performance of the two methods.Stability of
back emf based MRAS is documented in great detainl in [35]. The approach is inde-
pendent of the value of stator resistance and thermal variations in its value. Because
of unstable nature of airgap power based MRAS in regenerative mode of operation an
instantaneous terminal reactive power based MRAS is proposed in [36],[37]. Another re-
active power based MRAS using instantaneous reactive power in reference model and
steady state reactive power is presented in [38],[39]. Further improvement in reactive
power based improvement is discussed in [40, 41].Recently an approach for designing

RF-based MRAS based on Liapunav therom has been introduced in [42].

Luenberger speed observer [43, 44] schemes are based on the estimation of rotor flux
through one observer and the speed is derived by the stator current error and the esti-
mated rotor flux.Schemes adopting observers can be treated as MRAS as well, wherein
the motor is considered as the reference model and the observer can be taken as adaptive
model.Extended Kalman filter [45, 46] is another adaptive filter which is also used for
sensorless speed estimation.Yang and chin [11] have estimated speed with an observer.To
make the estimation accurate at low speeds, the stator resistance is also identified simul-
taneously. The drive is operated in a wide range of speed especially at low speed.In [20, 47]
speed estimation is done using a flux model based observer which uses terminal condi-
tions of the motor and its parametrs and it eliminates the use of speed sensor.A simple
technique to estimate the rotor speed is derived in [16, 48].Speed estimation on the basis
of the difference between two flux estimators is shown in [49].Its convergence perfor-
mance is being analyzed and a novel pole assaignment method is proposed.[50] proposes
a simple method to accurately estimate the stator flux vector and demonstrate its func-
tioning operation at very small angular velocities in every sampling period.Dybkowski et
al. in [51] have shown a method to implement a speed sensorless induction motor drive
with magnetizing reactance estimation.A sensorless scheme using adaptive neural-fuzzy

inference system is reported in [52].



Chapter 3

MATHEMATICAL MODELING
OF VECTOR CONTROLLED
INDUCTION MOTOR DRIVE

3.1 SPEED CONTROLLER

Error created by reference speed (w*) and motor shaft speed (w,) is used to drive the
speed controller which is essential for a vector control drive. The speed controller may
be of different types depending upon the required dynamic performance of the drive.
Here a PI controller is used as a speed controller. The output of speed controller is

command torque (7*) which is input to the limiter.

3.2 LIMITER

The limiter puts a limit on the output of the speed controller and output is considered
as reference torque (7) .Limit on torque (T) is required since during transients (such
as starting, speed reversal, loading) experienced by the drive, the output of the speed
controller jumps quickly to a very high value which may go beyond the breakdown torque
limit of the drive causing instability and over current. This is because the reference

torque (T%) effects the reference value of the torque producing component of the stator

10
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current (iy;). Therefore, in order to operate the drive in safe region with safe operating
current putting a limit on the command output is necessary. This limit ensures that in
no case the inverter output current jumps more than a set value thereby providing the

feature of inherent over current protection in the drive.

When an abnormality arises because of the step changes in speed or load on the motor
shaft the reference torque which is command signal at the output of the limiter gets
saturated at its maximum value with an appropriate polarity. Depending upon the
desired direction of rotation of the motor. With this limit on the command torque (77),
it is ensured that in no case the current crosses a set limit for breakdown torque. This

provides inherent stability to the drive.

3.3 FIELD WEAKENING CONTROL

Field weakening in the vector control drive is analogous to field control of a separately
excited DC motor. Field weakening is normally used to operate above base speed. Below
base speed a constant flux is maintained to realize a constant torque drive while above
base speed constant power drive is obtained. The reference value of the exciting current
(if,.) is a function of the rotor speed. Mathematically, the logic for the exciting current

may be stated as follows:

b = Im  1f wp < base speed (3.1)
krx 1,
Uy = % if wp > base speed (3.2)
T

Where ky is flux constant and I;,, is rms value of the magnetizing current.

3.4 VECTOR CONTROL STRUCTURE

To perform vector control, following steps are to be followed:

Measure the motor quantities (e.g phase currents)

Calculate the rotor flux space vector magnitude and position angle

*

Transform iy,

and 7 into iqs*,ips* and iee*

e Compare iq5%,ips* and i.s% with actual currents and generate pwm.
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The output of the speed loop, reference torque (7*), is processed in the vector controller

along with reference magnetizing current vector(i},,.). The vector controller computes the

*

orthogonal current components (i,

and 7j;,) of the stator current vector.The currents
(igs and i},) being in synchronously rotating reference frame are dc quantities in nature.
In order to vector control of induction motor, its stator currents are controlled in such a
way that orthogonal currents (igs and igs) and flowing through the stator winding have
one to one correspondence with these reference orthogonal current components (i;s and
i%,). For coordinate transformation the vector controller should have knowledge about

rotor flux position which is estimated by integrating the sum of rotor speed (w,) and

command slip (w};). The quantity so obtained gives flux angle () in radians.

3.4.1 Modeling of Vector Controller

Vector controller can be realized by the following equations

. . d .
ZZS =imr + Tr %Zmr (3.3)
T*
— 3.4
qu k"é:(nr ( )
wh = las (3.5)
s Tk, ,

k= % (g) 1%»

Where i, and iy, refer to the flux and torque producing components of the stator
current space vector at mny, instant respectively, w:l refers to the ny, instant reference
slip speed. P , M, o, are the number of poles , mutual inductance and rotor leakage
factor respectively. In addition to the decoupled components of the stator current space

vector, the flux angle is defined at ny, instant as:
f(n) =0(n — 1) + (ws + wy)AT (3.6)

Where 6(n) is the value of flux angle at the ny, instant, (n — 1) is the value of the flux

*

at the (n — 1)y, instant.w?,

wy and AT are the reference slip, frequency, rotor speed and

sampling time respectively.
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3.5 INVERSE CLARKE’S AND PARK’S TRANSFOR-
MATION

The modeling is based on the following: equations:

i, = yliz(—cos(p) + VBsin(p)] + s, (sin(p) + Vieos(p)  (37)
i:;s = _iZSSin(p) + iZSCOS(p) (38)
i:s = _(7’-25 + ZZS) (39)

Where iy, i refer to the decoupled component of the stator current space vector i5 and

iy, iy, and iy, refer to the three phase reference currents in stationary reference frame.

3 -_> i
D—j >

D >, )
lds™ 1_
z
Product
tr

0.17298

FI1GURE 3.5: Two Phase Rotating Frame to Three Phase Stationary Frame Converter
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3.6 CURRENT CONTROLLER

In order to ensure that the three phase currents flowing though the motor windings,
follow the three phase currents, a suitable current controller is used. For this purpose a
variable frequency inverter is employed along with a current controller. For maintain-
ing the motor currents in such a way that they vary in a definite manner the inverter
requires a particular type of ON/OFF (pwm) pattern for its switches (an IGBT with
anti-parallel diode). The current controller is responsible for generating desired switch-
ing pattern and is generally of two types one is sine pwm current controller while the
other one is Hysteresis current controller. The current controller compares the winding
currents for generating desired switching pattern.The current controller compares the
winding currents(iqs, ips, ics) With the reference currents (i}, i}, ;). As a result of this

comparison a switching pattern is obtained which controls ON/OFF time of inverter

switches.

3.6.1 Modeling of Pulse Width Modulated(PWM) Current Controller
(CC)

The PWM-CC compares the sensed winding currents 4,5, ips and i.s with their reference

values ¢*

ws> Ips and in, and evaluates the current error. This signal is amplified by a

simple gain factor and compared with a high frequency triangular wave carrier signal,

with a frequency fs of the inverter.

Based on the comparison of modulating signal and switching frequency triangular carrier

wave, combination of switching functions for three phases are decided. The current is as:

lase="lp s lbs, ibse=1pglbs) Gese=lpgles)
if kigse > y(t) then SF, =1 else SF,=0.
if kipse > y(t) then SF,=1 else SF, =0.
if kicse > y(t) then SF.=1 else SF.=0.
Where y(t) refers to the instantaneous value of triangular carrier wave with K being the

gain of Proportional controller.



Chapter 3. Mathematical Modeling of VCIMD 16

20 > —bluer P
F‘
._|—’ Gainl Py Generato:
|abo (2-Lewel)
L

‘ ’—'ED_> et BT

Gate pukes

Gain? Py Generstnr
e — @imet

labc™ 4|—.
20 Uref P

Gaind P Generator
(2-Level2

FIGURE 3.6: PWM Generator

3.7 CURRENT CONTROLLED VOLTAGE SOURCE IN-
VERTER

The current controlled voltage source inverter which gets its switching signals from the
current controller, maintains the motor winding currents in a manner which conforms to
the need of vector control. It has a constant voltage source at its input and gives three
phase PWM voltage and frequency. These in turn depend upon the set speed of the
drive and different operating conditions being encountered by the drive such as starting,
speed reversal and also smooth running of the drive in any quadrant of torque speed

characteristics.

3.7.1 Modeling of Voltage Source Inverter(VSI)

The switching function SF,, SF, and SF. determines ac output voltage of the in-

verter.Switching functions are received from the sinusoidal pwm current controller.

The magnitude of three voltages can be mathematically expressed as:

vdc( QSFa - SFb — SFC )

s = 1

v 3 (3.10)

Vps = Udc( QSFb — SFa — SFC ) (3‘11)
3

s — vae( 2SF, —BSFb —SFE,) (3.12)

Where v,5, vps and vesare the per phase voltages respectively.
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3.8 INDUCTION MOTOR

It is assumed that we work on star-connected ac induction motor with cage construction.
Depending upon the set value w, it rotates at a particular speed and converts the

electrical energy into useful mechanical energy.

3.8.1 Modeling of Induction Motor

Modelling of induction motor is done using a-f reference frame. The voltage current
relationship in the stationary frame of the induction motor in terms of a-f is expressed

as:
[i]:[ia& iﬁs; iozm iﬁr]
[U]:[Ua& VBsy Var UBT]

In the above equation v,s and vg, are the forcing functions impressed across the stator

windings.v., and vg, are zero in case of three-phase squirrel cage induction motor.
Vas = Vgs (3.13)

and
(Ubs - ch)

Vgs = 7 (3.14)

[R],[L] and [G] are referred as resistance, inductance and rotational inductance matrix
respectively.a, 3, s and r represent the direct axis, quadrature axis, stator quantities and

rotor quantities respectively.

The derivative of rotor speed is obtained from the torque balance equation as follows:

(3.15)

T; refers to the load torque on the motor shaft, which includes friction and windage

torque and T, refers to the electromagnetic torque developed by motor as defined:

T, = (g) (%) LonlCasiar = iasiar) (3.16)



Chapter 4

SPEED ESTIMATION
SCHEMES

4.1 OPEN LOOP SPEED ESTIMATOR

B -axis
A&

B o -axis

FIGURE 4.1: Vector Diagram of Relevent Phasors

In this scheme speed of rotor flux space vector (i,) is used to estimate rotor speed.
For that,it requires the accurate estimation of slip speed wy.Here stator voltages (vqs)
and vgs are not monitored rather they are reconstructed from monitored dc link voltage
and switching states of the inverter as described earlier in 3.10 to 3.12.Figure 4.1 shows

the rotor flux linkage space phasor, the position of which is used in developing rotor

18
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speed of this scheme. From the reconstructed stator voltages, stator flux can be derived
from voltage model of IM in stationary reference frame. This requires the knowledge of
stator resistance (Rs), the direct and quadrature axis components of currents (iqs and
igs). The rotor flux (¢,) can be obtained from stator flux (1) with knowledge of motor
parameters (Rs , Ly, , L, Ls). From this estimated value of rotor flux, rotor speed can

be evaluated.

4.1.1 CALCULATION OF SPEED

The speed estimation can be broken in two steps:

4.1.1.1 Calculation of Rotor Flux (¢, and vz,)

The voltage model of IM can be described in stationary reference frame as follows

, das
as — Rs as 4.1
v las T+ 7t (4.1)
. ddjﬁs
s = Rs s 4.2
g igs + (4.2)
By rearranging above equations stator flux linkage can be expressed as
Yas = /(Uas - Rsias)dt (43)
wﬁs = /(U,Bs - Rsi,ﬁs>dt (44)
also in stationary reference frame
L, .
1/}015 = T(¢as - leoas) (45)
And
L .
wﬂs = T(wﬂs - Ls'lﬁs) (46)

4.1.1.2 Calculation of Angular Rotor-Slip Speed(wg;)

It is possible to implement an angular rotor-slip speed estimator (wg;) by considering the

rotor voltage equation of the induction motor.If the rotor voltage equation is expressed
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in the rotor-flux oriented reference frame, then

0= Ryigr + pYar — wslwqr (4-7)
0= Rriqr +p¢q7’ + wslwdr (48)
And
Yar = Lyigr + Lintas (4-9)
wqr = Lriqr + Lmiqs (410)

Now taking the direct axis of the reference frame along the rotor flux linkage we get

Ygr = 0 and g, = 1. Now using equations 4.7 to 4.10 and above conditions

1
ias = 7 (1+ Typ)tr (4.11)
And
Lmiqs
o= 412
TN (412

Also, for frame aligned with rotor flux linkage,

igs | cosp; sinpr | |igs (4.13)

Tds —sinpy cospr| |ia.

If the expression of iy, from above transformation matrix is substituted in the equation

4.12 then
W = *idSSinpr + iquOSPr (4 14)
° oy
where p, is the angle of rotor flux with respect to the real axis of the stationary reference
frame.By considering sinp, = %”Tr and cosp, = %, wg can be written as
Lo (=gt 7
Wy = m( wqr ds + wdr qs) (415)

1,47

Where v, and 94, are rotor flux linkages in the stationary reference frame.Above equa-
tion can be used to monitor the angular slip frequency by monitoring the stator currents,

and also by using the rotor flux linkages.It is possible to obtain an expression for the
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motor speed by considering that
Wy = We — Wy (4.16)

Where w, is the rotor speed and w, = % is the speed of the rotor flux in stationary

reference , and wyg; is the angular slip speed.

dtan_l(ziz )

Now p, = tan‘l(%) and it follows that w, = -

Finally using equation 4.16 rotor speed becomes

—1/%8s . .
o B (GD)  Ln(—tgrias + Yarigs)
" dt T3

(4.17)

A rotor speed estimator is hence constructed which uses the monitored stator currents
and the rotor flux components, which, however, can be obtained from the stator flux
linkages as discussed above. The accuracy of such a speed estimator depends greatly on
the machine parameter used, and also on the model used for the estimation of the rotor
flux-linkage components. A possible implementation is shown in figure 4.2.This contains

the following three machine parameters: Rg,L,, and k = % .

T

@ A_r-( -*b-mr 'I_T‘J
We

NG

+

FIGURE 4.2: Block Diagram of Open Loop Speed Estimator

4.1.2 Simulation Block of Open Loop Speed Estimator

The speed estimator block is now described in figures 4.3 which shows the flux calculator
subsystem based on the discussion in section 5.2. The rotor flux components thus

estimated are then used in the calculation of rotor speed using the scheme discussed
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above. Figure 4.4 shows the block diagram for the speed estimator subsystem used in
modelling of the proposed Sensorless drive in Simulink/Matlab environment. The speed
estimator block uses the mean or average calculator to suppress the high frequency noise

developed in estimated speed. This noise is due to differentiation operation of estimated

speed.
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4.2 MRAS BASED SPEED ESTIMATOR

There are many techniques have been suggested by researchers in literature for estima-
tion of speed in sensorless way. Among them MRAS (Model reference adaptive system)
based method is very popular as it is computationally less intensive and shows straight
forward approach in terms of stability . MRAS basically consists of a Reference model

and an adaptive model where both the models compute same quantity, and at the same
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time reference model is free from the quantity which is to be estimated whereas adap-
tive model is involved with the quantity which is being estimated. Now comparing the
outputs of the two models an error vector is created which is used to tune an adaptive

law to give estimate quantity.

Vs -
_ i )
i Reference Model )
u : ’D‘D
5
El
o
L)
LE
£

)\ J
Adaptive
Adaptive Model Mechanism

FIGURE 4.5: MRAS Based Speed Estimation Scheme

Depending upon the type of tuning signal generated, from the two models, a number
of MRAS based speed estimation schemes can be realized such as rotor flux based,
back emf based, airgap-reactive power based MRAS and artificial neural network based
MRAS. Here the performance of the rotor flux based MRAS , back-emf based MRAS

and reactive power based MRAS is studied for speed estimation.

4.2.1 Rotor flux based MRAS

In this type of MRAS both RF and AM model compute rotor flux. Then the error of

these two rotor flux vector is fed to a PI controller, whose output is taken as speed.

4.2.1.1 Reference Model

Var = IIJ:L[/(Uas — Rsias) — 0 Lsias) (4.18)
L, , :
1/}57" = Lo [/(Uﬁs - Rs'lﬁs) - ULSZBS] (4.19)

4.2.1.2 Adaptive Model

1 L,
Yar = / <T¢ar - Wrwﬁr + Tlas> (4.20)
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1 Ly,
Ypr = / <TT¢67’ — wythgr + Tri55> (4.21)
Speed tuning signal
€= wﬁrlzjar - waﬂ[}ﬁr (422)
Estimated speed
ki
wyr = (kp + §)6 (4.23)

Where 4,13, are direct and quadrature axis reference rotor flux in stationary reference
frame and @Zar,z/zgr are the are direct and quadrature axis estimated quantity of rotor

flux.

]

|

FI1GURE 4.6: Block Diagram of RF Based Speed Estimator

4.2.1.3 Simulation Block of RF-Based Speed Estimator

In rotor flux based MRAS, rotor flux is used as functional candidate that is why rotor flux
is computed from a reference model which is shown in figure 4.7 and from an adaptive
model as well shown in figure 4.8. From the figures it is obvious that output of adaptive
model depends on rotor speed to be estimated, whereas reference model is completely

free from rotor speed.
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4.2.2 Back EMF based MRAS

In this method back emf obtained from reference model is compared with back emf of

adaptive model which is given to a PI controller where output of this PI controller is

the estimated speed.

4.2.2.1 Reference Model

4.2.2.2 Adaptive Model

Ly,

émd = ﬁ ( mlas — ¢ar errwﬁr)
r

(4.24)

(4.25)

(4.26)
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. L .
€mqg = = (Lml,ﬁs - wﬁr + errwaT) (427)
LT,
Speed tuning signal
€= emqémd - emdémq (4.28)

Estimated speed
k;

wr = (kp + =)e (4.29)

where e,,4,emq are the direct and quadrature axis back emf of reference model in station-
ary reference and €,,4,6;mq are the estimated value of direct and quadrature axis back

emf.

Kp+Ki/P

A

©Sma-_est
== Adaptive Model ——

FI1GURE 4.9: Block Diagram of back emf Based Speed Estimator

4.2.2.3 Simulink Block of Back-Emf Based Speed Estimator

In this MRAS method back emf is used as a functional candidate which is shown in
figure 4.10 and figure 4.11 to avoid the problem associated with integrators. As figure
4.10 does not involve the parameter rotor speed, it is used as reference model whereas

4.11 shows the adaptive model.
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4.2.3 Airgap reactive power based MRAS

Airgap reactive power is used as a functional candidate here to estimate speed. Here
also output of reference model is compared with the adaptive model output .the error

generated this way is fed to a PI controller which gives desired estimated speed.

4.2.3.1 Reference Model

Qref = emqias - 6mdiﬁs (430)

4.2.3.2 Adaptive Model

Qest = émq'ias - émdiﬁs (4.31)
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where ;s is reference reactive power and Q). is estimated reactive power and e,,4,€mq:€md
and é,,, are described in 4.24,4.25,4.26 and 4.27 respectively.

Speed tuning signal
€= Qref - Qest (432)

Estimated Speed
wr = (kp + —)e (4.33)

Eand
Rs+gL:P +

Keference Model

dmy+dy

e
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®r

FIGURE 4.12: Block Diagram airgap reactive power based Speed Estimator

4.2.3.3 Simulink Block of Airgap Reactive Power Based MRAS

Even though integrator’s problem is eliminated in back emf based MRAS but because
of its sensitive nature to stator resistance (Rs) makes it unusable. To make the speed
estimation scheme completely insensitive to stator resistance, airgap power can be used
as a functional candidate. Figure 4.13 shows the reference model of this scheme whereas
4.14 is adaptive model as its output depends on rotor speed and it is also obvious that

stator resistance is not used to estimate the speed here.
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RESULTS & DISCUSSIONS

The speed estimation is relized in the MATLAB/Simulink environment, using the sim-
power system(SPS) toolbox under different operating conditions of VCIMD such as
starting, load perturbation and speed reversal.The set of obtained response consists
of reference speed(w;),estimated rotor speed(west),actual rotor speed(w), developed
torque(7}),decoupled components of stator current space vector i4s,and iqs.The VCIMD
uses PI controller as a speed controller.The current controller is realized using sinosoidal

pwm technique.

5.1 STARTING DYNAMICS

The squirrel cage induction motor is fed from a current controlled VSI.The motor starts
at low frequency decided by the controller and finally runs st steady state speed equal
to the reference speed. The torque limit is set at twice the rated value to limit the
output of the PI controller.The starting current is also inherently limited to the twice of
the rated current value when the motor develops the required starting torque to reach
the reference speed.On reaching steady state, the speed error reduces to zero, and the
motor current falls to the no load value.The starting response obtained for induction
motors rated 2HP and 30HP are shown in figure 5.1 to 5.14 for various speed estimation
techniques.From the sensed motor currents(igs,ips) and DC link voltage(Vpe) the rotor
speed is estimated.The estimated speed and rotor speed are observed to be in close

agreement, which proves the validity of the adopted estimation scheme.

30



Chapter 5. Results & Discussions

31

5.1.1 Results Starting Dynamics

Reference Speed and Estimated Speed
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5.2 LOAD PERTURBATION

The load perturbation response of the VCIMDs rated for 30hp and 2hp have been shown
in 5.25 to 5.32.When the VCIMD is running at steady state,load torque is applied to
the motor shaft. The sudden application in the load torque causes a small dip in motor
speed, which is restored by close loop operation of the drive in VC mode.The estimated
speed (west) of the motor and rotor speed (w,) match each other showing the validity of
the developed estimator algorithm.

While the VCIMD is operating at steady state under rated load, a sudden removal
of the load torque from motor shaft results in the rotor speed above the set reference
value.The estimated speed and rotor speed are observed to match each other in the

dynamic response of the VCIMD.

5.2.1 Results of load Perturbation
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FIGURE 5.25: Load perturbation of FIGURE 5.26: Load perturbation of
RF-based speed estimator with w, = RF-based speed estimator with w, =
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5.3 FOUR QUADRANT OPERATION

The four quadrant operation operation for motors rated for 30Ap and 2hp are shown in

figure 5.33 to 5.38.When 3 — ¢ induction motor is running in VC mode at steady state,

the reference value is changed to some negative value.In response to the applied change

the controller reduces the frequency of the motor to start in reverse direction. Before

and after the reversal phenomena,the drive is in the same dynamic state, therefore,

the currents of the three phase induction motor in both the directions are observed to

be same both in magnitude and frequency.The phase sequence observed in both the

directions are oppsite.The observed results show that the rotor speed and estimated

rotor speed both overlap each other.The sequence of the response is in correlation to the

estimated speed.
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Chapter 6

CONCLUSIONS & FUTURE
SCOPE OF WORK

6.1 CONCLUSIONS

Induction motor operated in vector controlled mode(VCM) is successfully implemented
in MATLAB/SIMULINK environment using a PI controller with various speed estima-
tion techniques. All the speed estimation techniques used here, demand only sensing of
two phase currents and DC link voltage to estimate speed to complete the speed loop

in a vector control induction motor drive.

Speed estimators like, open loop speed estimator, Rotor-flux based MRAS, back EMF
based MRAS give accurate result at high speed as well as low speed as long as machine
parameters specially stator resistance(Rg) are accurately known. As parameter changes
during operation, performance of the aforesaid speed estimators deteriorates. The prob-
lem associated with stator resistance, has been eliminated using airgap-reactive power
based MRAS. Now as other parameters like L,,, L, does not change much during oper-
ation of the induction motor, it is expected that reactive power based MRAS will work
fine under various operating conditions which is validated through simulations. The use
of speed estimator relieves drive from use of speed sensors, leading to the elimination of

sensors and henceforth making system more robust.

42
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6.2 FUTURE SCOPE OF WORK

Even though reactive power based MRAS speed estimation technique has shown its im-
munity against stator resistance variation of induction motor,its performance is effected
with other parameter changes like L,,,L, and specially R,..So there is a scope in find-
ing an algorithm where parameter dependancy becomes further less.Here PI controller
is used as an adjustable mechanism which suffers from the disadvantage of overshoot,
undershoot etc.It is expected that use of fuzzy or airtificial intelligence(AI) based an
adaptive mechanism can improve MRAS performance in an induction motor drive sys-

tem.
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Appendix 1

Specification of the induction motors considered in this report.

Cage Induction motor I

30 HP, 3—phase, 2—pole,Y-Connected 415V, 50 HZ R; = 0.251 Q, R, = 0.249 Q,
Ly, = 0.0416 henry,L;; = 0.001397 henry, L;,. = 0.001397 henry, J = 0.305 K gm?

Cage Induction motor II
2 HP, 3—phase, 4—pole,Y-Connected 415V, 50 HZ R, = 5.4 Q, R, = 3.109 Q, L,, =
0.38915 henry,L;s = 0.0284 henry, L;. = 0.0284 henry, J = 0.00436 K gm?



Appendix 11

PI controller values for 2hp motor

RF-MRAS
k,=0.3 ki = 0.009
kpm'ras = 1000 kimras = 600

Back-Emf MRAS
k,=10.3 k; = 0.001

kpm'ras =03 kimras =1

Reactive Power MRAS
k, =0.1 k; = 0.005

kpmras = 0.01 kimras = 0.0008

PI controller values for 30hp motor
RF-MRAS

kp, =38 ki = 0.08

Epmras = 1000 kimras = 500

Back-Emf MRAS
k, =12 k; = 0.005

kpmras =0.3 kimras =6

Reactive Power MRAS

kp,=0.2 ki = 0.0005
Kpmras = 0.01 Kimpas = 0.008
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